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ABSTRACT 2Cr13 martensitic stainless steel is widely used in the manufacturing of heavy load
components, which are easy to be damaged due to their severe service environment. If these dam-
aged components can be repaired rapidly, considerable savings in materials, processing and time costs
can be achieved. Four kinds of laser forming repairing for 2Cr13 stainless steel sample, single–track
single–layer, multi–track single–layer, single–track multi–layer and multi–track multi–layer, was con-
ducted to investigate their microstructure characteristic and evolution of heat–affected zone (HAZ).
The formation mechanism of microstructure was analyzed based on the temperature field simulation.
It is found that microstructure varies continuously from substrate zone (SZ) to the bottom of laser re-
paired zone (RZ), in which the main phases varied as α ferrite→α ferrite+ martensite →martensite+α

ferrite→martensite, and the appearance of the martensite led to a rapid increase in hardness. Mean-
while, the primary M23C6 dissolved gradually and disappeared eventually. It is interesting to note that
the dissolving of intragranular carbides occurred prior to the intergranular carbides. With the carbides
dissolving, δ ferrite particles appeared, coarsened and connected into skeleton patterns eventually
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when closing to the bottom of RZ. As the deposited layers increased, the hardness peak decreased,
and the grains were refined in the partial region of the middle of HAZ. The carbides precipitated again
in the grain boundary at the top of HAZ, meanwhile, δ skeleton is gradually interrupted by the grain
boundary.
KEY WORDS laser forming repairing, 2Cr13 stainless steel, heat–affected zone, microstructure

characteristic, temperature field simulation

2Cr13B�w&.f0�6Dv.dK, �	.7pLk2��_�
1 �|x|p��2�Vu��,_�SLM&�Bu�L�=3^��'> [1,2]. VQ'>%BzW�S��z	SH4>, *Qh<�f�'>��`a+aA*P, #7�^���℄EG\�F�,BN�o3z	�86 ! [3]."eNZaA*P (LFR) {�K#f�'>�v)DGN�t�2, 68f�'>�(y&�s^Q��A [4−7], �aK�{Vx 316L .dK�'>�aA��� &. [8−13]. Kl, jP�#"e℄� 2Cr13 .dK�a3�Qxi. Mahmoudia � [14] # 2Cr13(j�Zt AISI 420) .dKY\ "e%<+Æ℄�, *8℄���dt��lnÆ"*,�P, �x��hK7℄Rx℄�P4; Chen � [15] 6$ "e_Æ 2Cr13 .dK�6�dr[, *8J�l�dB0p�:8�Dv
(C 53.9%, v�6T) x6Dv�N. �~�� [16] M#��l� 2Cr13 K6'Y\"eÆW:"eÆW*n℄�, Ml%B"eÆWG# zÆ|��d:>�N, +�pps.. "x�� [17] X#"eÆW�rl 2Cr13KiZ8��+�o�|�t, xi o�|��d:>�N, Ml%Bo�|06Dvx�Æ>{^v�N, CrKÆT�4�C$B{^vZN�A$.
)D| (HAZ) BIv:aA|<�o�|<,E|��dr[#7aA��'>^Qo3z	)D.

Mahmoudia� [14] �xizÆX#"e;S2� 2Cr13�_l>#r[, thiQkz�℄���G�, 93	\H?ZflJ[ÆÆ��P�_l>#�dr[; &hjxiM`��B:W_>`�"eÆTP��dr[.�v�W, �+#"eÆT
)D|�dr[�	\�7.�7b, �U�}o#.�2="eNZaA� 2Cr13.dK HAZ Y\V>�db��+�<HxQ6$, *M{��DES, xi HAZ ��dr[&hZN��,�f�"eNZaA 2Cr13 .dK�UR&.sW�3�n.

1 ?O+)6�K'�U�psW_*Pj2zÆ6�FÆ�C�� LSF–III "e�vNZ&��	N, E-���
CO2 "ei� |Z��T~U�k�M_�\8i&�|\8\�xj4�	JpA. 6�K Ar j�	�JpAP	N, �2H8jv�9.Ma Arj, \O6�o

RtJpAPNZj4� O q�}oMa Ar jfÆ~pK 5×10−5 �2. "eNZaA�U�9T�: "eV0 2.8 kW, eR�=`� 10 mm/s, efe 2.5 mm,

Z |O� 3 mm, \80 9.5 g/min xjJ0 40%.aA�7� 5 mm ���rl 2Cr13 .dK�, �rU��: 980 ��� 1 h �1g +680 ��� 2 h �|�, 6�d���hDv; aA7"8.m��#p�� 2Cr13 .dKwZ8, ��� 45—160 µm. 6�l#8HKC 160 �Y\W|�H℄�, ��[8Ht)D�V6; .�jmF��7%<��Æ>, *.�V�`x(~�r+Hf.�w� HAZ �dKaAoRt��#, 6'Y\ s|s>�%|s>�s|%>x%|%> 4 wZ=�aA6�, �ES"eNZaA< – < – v�:�NZoR. aAH�? ��� 1 i?.|aAH��~K<K~H�b��d. H�a�n�mF�[e, K 10%o)a�V��tY\�P=3,=3�u� 6 V, =329� 120 s. �. OLYMPUS–

GX71 Wes6d (OM) x VEGA–II LMH �=��6d (SEM) e�7�4|J�2I#H�Y\�dr[b�. 8. Duramin–A300 Vickers +�-#:OH�|J�2IY\+�<H, 4HHu� 500 g, 4H29� 15 s. 8. X’Pert PRO W X $<~$� (XRD,

Cu �) #�7x HAZ Y\">6$. H�Fl 50 µm,aU\�P;��, �. FEI Tecnai F30 G2 D*$�$��6d (TEM) Y\�db�xn|~$6$.

D 1 !dMY`�G��%�a?1H>��
Fig.1 Sketches for laser forming repaired (LFR) samples

at front view (a) and plan view (b) (A, B, C and D

represent single–channel single–layer, multi–channel

single–layer, single-channel multi–layer and multi-

channel multi–layer, respectively; the arrow shows

observation direction)



	 5 d hu�� :  LX_? 2Cr13 ,bI�'Bz��bvg 607��. ANSYS �>ESs|s>xs|%>H�"eNZoRt HAZ ���D, 9S�3���DThEW [18−22] Y\"eNZaAoRt���DES, *6&7"�
"^9T�ET, .e��x29#Æ, q_l:�l�
"^9T�A'�1.-, i8.�ES9Tx7"
"^9T [23] 6'�: "eV0 2.8 kW, eR�=`� 10 mm/s, efe 2.5 mm, X;�� 300 K,s>�� 0.25 mm, �v�� 5 mm, ;� 7.8 g/cm3, !
 410 J/(kg·K) xx
-T 33 W/(m·K).� B( 2Cr13.dKK.���2�a�>�N,�U�9. Thermo–Calc �>#�q 2Cr13 .dKN6KP� Fe–Cr–C �(>>�Y\ -b, -bi8.�
�sTn�B Thermo–Calc�>XYu*�{�{VTn� TCFE6.

2 ?O73
2.1 ZWBU� 2 �s|s>x%|s>H� HAZ ��b�dG. {<, "eaA|x�7ZN�s��VM{, �j}�$���:. #7s|s>x%|s>H�, HAZ ��dr[���n, e�7zaA|�4, �b�{�vZ{�0(zmA#, Qnb�dr[{�D HAZ pn6� 4 O|<, �� 3 i?. � 3b B�L
)D��7�d, �	0{^vx��nÆ"�N. }o#�7Y\ TEM 6$ (�� 4 i?), nÆ"�	� M23C6W (M �	B Cr x Fe) nÆ", qnÆ"�60Zl��*
A6Dv�yZl (�� 3b i?). |< 1 �7
HAZ ��4, h�dr[�� 3c i?. {�vz, E|< M23C6 WnÆ"*, 46�P, >!7�7T�3

D 2 !dMY`�r{r=w${r=G�`�{�a�F
Fig.2 Micrographs of heat–affected zone (HAZ) of single–channel single–layer (a) and multi–channel single–layer (b) samples

D 3 r{r=!dMY`�G� HAZ �5��
Fig.3 OM image of HAZ (a), SEM images of substrate (b), 1 (c), 2 (d), 3 (e) and 4 (f) zone of LFR single–channel

single–layer samples (SZ—substrate zone, RZ—repaired zone)



�608 T�M�p�� 	 49 q

D 4 `��6 TEM ACFw}#�%m!� EDS Lk
Fig.4 TEM bright image (a) of 2Cr13 stainless steel sub-

strate and corresponding SAED patterns showing

M23C6 carbides (b) and ferrite (c) and the EDS re-

sult of carbides (d)i; , *qK℄R�60
�QUiGp�nÆ"x�,07nÆ"�=3, i� OM 2:�7>!{�1m. 0|< 1 ��Y�|< 2, 0� 3d {_, E|< M23C6 WnÆ"/l�P, T�; , ℄R��j60
�QUiGpnÆ"x�, :b#&, OM 2{�Rm; �2{�b�z3
�x�" (=�i?) u;$Z, Vw$Z"�60:A;nÆ"�60>[, qe
�o���, A;nÆ"~A; &E
�$Z>~AO%. |< 1 x
2 ��dr[%B, K"eÆ>J��
�.oRt, �7 HAZ ℄R℄�nÆ"�P4�7℄P. e
b�|<4�, A;nÆ"x���	��P, ~&qa�B
�x�>, >G7|< 2, 
�x�>3B6�fÆ (� 3e).|< 4 W&ÆT�4, :|< 3 >[, �v�60

�

x�>, ti.��B
�x�>fÆ*~A�JN\8,iZN�\8:A;℄R���{.� 5 x 6 6'B"eNZaAs|%>x%|%>H� HAZ �6�dG. � 5 x 6 o3:� 4 >[�r[#Æ, �: e
J[aA|�4, A;nÆ"~A�PflL0, 
�x�~A$Z�O%�fÆ��JN\8. t�%8Z �QU�r[. "e%>Æ>J�oRt, K
�x�>u;Z8�
)D|< 2, ℄PnÆ"B6; , ���P	�, �� 5c x 6c i?; (�, %|%>Æ>J�H�Z8℄�/Æ, q℄RnÆ">!℄PnÆ"Gs|%>H�B6fÆ, �� 6c i?. 
)D|< 3 P, s>H��nÆ"�	��P, $b�<℄�Z8 (nÆ"�=3&6?℄R), s|%>H�MZ8 ℄�/Æ, �2℄R��$Z G%nÆ", &%|%>H��℄�u;Z8Gp�℄�, ℄R�ZN �l60�nÆ", �� 5d x 6d i?; 
)D|< 4 P, �JN\8�
�$Z>��hK, t�fp�℄Rim!, ℄R���$ZG%nÆ", ℄�>!
)D|< 3 s3i#p, �� 5e x 6e i?.

2.2 HAZ 'R(.!� 7 B 4 OH�|J�2I�+�60�. {�*8, "eaA|�+� (as 500 HV) B6M7�7|
(as 250 HV), & HAZ �+�l7(Ua9. e�7zaA|, HAZ �+�a� �O�`.M�oR. e
J�>Tx|T�O4, �.�`04#75O�, *q+��:h�&aA|�+��ea2F. +�60t��{�pn., HAZ ���, s|s>�%|s>�s|%>x%|%> HAZ ���6'C� 0.5, 0.9, 1.1 x
0.7 mm.

2.3 HAZ 'I$..Ge�Q"eNZaAH� HAZ ��dZ8r[{_ HAZ 0 3 wr[>�N: �v>, nÆ">, 
�x�>. � 8 PZ 8. Thermo–Calc �>i-b� Cr q�� 13% x 17% � Fe–Cr–C �(>>�, g<q% 
2Cr13 .dK�C!q C � WC=0.2%. 07�7zÆT�4���0�zM�l#Æ, �v>�&P8�l#Æ�rÆ, X;B{^v, e
NZoRt.��oikz���.�, ea�>�{_, v���7�><��2, e
��.M, 2Cr13 ��v>�N�P8�� α {^v → �� α {^v +γ �Dv →γ �Dv → M� δ{^v +γ �Dv��#. � 9 �"eNZaA 2Cr13.dK%|%> HAZ x�7� XRD . {�vz, �7��v>�N�	B α {^v, & HAZ ��	0 α{^vx℄vMZ�[�6Dv�N. 6.�, 07"eÆ>J�oRt, �7x HAZ �	a��`4
x�`��oR, V�, '9KGM��2�ZN�Dv, Ke�



	 5 d hu�� :  LX_? 2Cr13 ,bI�'Bz��bvg 609��`��y>2�}{Q�*,6Dv�#. V�, K
HAZ t, e
0�7zÆT�4��o#Æ, {_�v>�P8�2#Æ: α {^v →α {^v +  �6Dv → 6Dv +  � α {^v. 076DvBM+�>, $be6Dvq��O4, +��~A.M, V:+�<HMlB�n�.

D 5 r{$=!dMY`�G� HAZ �5��
Fig.5 OM image of HAZ (a), SEM images of 1 (b), 2 (c), 3 (d) and 4 (e) zone of LFR single–channel

multi–layer samples

D 6 ${$=!dMY`�G� HAZ �5��
Fig.6 OM image of HAZ (a), SEM images of 1 (b), 2 (c), 3 (d) and 4 (e) zone of LFR multi–channel

multi–layer samples



�610 T�M�p�� 	 49 qnÆ"Be�7�*2���U�DA;nÆ"$ZGp�, al�6${_A;�nÆ"�	B M23C6WnÆ", q($ZnÆ"xA;nÆ"KZ8�3E>[.�2,0� 8{�vZ, K Cq�� 0.2%2, 2Cr13.dK$Z�nÆ"�	B M23C6, & M7C3 �$ZaE;7nq�GM�.dK (WC >0.2%)[24], i� HAZ�nÆ"�	B M23C6.l<��dr[%B
�x�>:A;nÆ"�60Zl3E>[, WB
�x�>�Z8:A;nÆ"�
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D 7 !d`�G��*�5/
Fig.7 Hardness distribution of laser repaired samples
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D 8 Fe–13Cr–C w Fe–17Cr–C ��'==�
Fig.8 Pseudo binary phase diagram of Fe–13Cr–C (a) and

Fe–17Cr–C (b)

�Po3��`-. #ht 4 O
�x�>Y\ EDS 6$, Ml%B>sC Cr, <% 1. �9 [25] tiZKt�(>�N>^K Fe �vt���-T#�(>�J�$Z�&m$Gpo3z	�)D, w.z C : Cr ��-T�A# (� 10), {��!K"eNZaA��`.�oRt, e
nÆ"��P, 07 C {��`��, 60>#sF; & Cr 07��#7M60#.sF, 9�KA;nÆ"{ÆC Cr, V�KA;nÆ"D[{��ZN q Cr �RM�.dK. 0 17%Cr �>� (� 8b) {_, Cr q�M2, e
���.M, KG���|9Pk{Z8 δ {^v, &Ke���`��t δ {^v}NL0, ℄
�x�>� δ {^v.
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D 9 !dMY`� 2Cr13 -J HAZ w�6� XRD b
Fig.9 XRD spectra of LFR HAZ and substrate 2Cr13

stainless steel� 1 ��y�? EDS 7%Nm
Table 1 EDS analysis of white particle phase

(mass fraction, %)

Element Particle 1 Particle 2 Particle 3 Particle 4

Fe 84.67 82.66 82.71 85.23

Cr 15.33 17.34 17.29 14.77
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D 10 C w Cr J Fe �us���,S
Fig.10 Diffusion coefficient of C and Cr in the Fe matrix

(D—diffusion coefficient, DC−α—D of C in the fer-

rite, DC−γ—D of C in the austenite, DCr−α—D of

Cr in the ferrite and DCr−γ—D of Cr in the austen-

ite)
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3 ,FA;#7���7", h�dr[0h4UoRr�. #7"eNZaA7"� HAZ &z, :X;�l>!, hK4UoRtL��"eÆTiZN���D)D, a� .�
�8�)D, h�u�d0L
oR�>#r� [26]. $bM{ov�
�8x>�Y\>#6${��_ HAZ �dr[���ZN��. t"eNZoRt,�`.F�r� h>#B3a��, $b	�<	��dZN�Zl�Ui�60�r[���f	R(����sxi. �U��.a�6$2-# HAZ �dr[�ZN��Y\ X26$.� 11 PZ s|s>H� HAZ .��oKÆ>oRtia����#Æ. {�vZ, HAZ Pe2����B�l#Æ�. M{� 8 {_, >�ti3>|#&���|9�hK. >�N�kP8�2�#Æ: &[�7��K 680—830��|<, 93kz�DvÆ��, .Q,N�Dv, �v�B{^v, t07M7�r℄������ 680 �, M23C6 WnÆ"u;�P, ��DM, �P�D%, qK�P�oRt℄PnÆ"�P`0�7℄R,V:nÆ"ZN>^K℄Px℄R�^$3`. �7K�r℄��oRt, nÆ"ZN>^%^$7℄R, &℄PnÆ"ZN>^q�G�, V�K�P2, ℄PnÆ"R<℄nÆ"ZN>^�X�:�vÆ'�X�AkRp,IB����`0�, $b, ℄PnÆ"�P`0G�.K��oRt�3�QnÆ"�$Z, qnÆ"/4�D7℄R℄�AnÆ"$Z, ℄℄R℄nÆ"#�fp, t07�`}�, $Z��h, �unÆ"�T�y7; .e
�o�., ���ea.M, Y� 830—860 �|9, >�%Bu;Z8�Dv, q/l�enÆ"��P. 07"e4UoRt�`}�, 4a 2Cr13 �g�^}s, $bKe���t, �Dv�#�6Dv, V��u�{^v� �6DvxnÆ", ��DM, 6Dv�D
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D 11 r{r=G� HAZ ���C5/s�
Fig.11 Temperature field distribution of the HAZ of single–

channel single–layer sample

%, {^v�nÆ"D . vY� 860—960 ���|9�, {^vL0, �Dv�O%, ea6Dv��O%, nÆ"/l; . 076DvB+Æ>, i�9�+�hZ8�`�..��Ho 960 ��, KM�2���Dv�d, E|<�����9�7t�nÆ"	��P, ����d����6Dv, 6Dv�kz :h, 07�4�Up46� C ����Dv, i�+��:h�ÆZ8KVO|<.��{�vZ, e�7��, e
���~A.M, {^v�~A; , �Dv�O4, :b#&�B�u6Dv�O4, V:+�~AO4�g/�n.07�`.�, q Cr ���B�7 C, $bKAnÆ"�o&{Æ�Z8 Cr �C$, 9w 17%Cr �>�,��Z8 δ {^v. e
J[ÆT�4, HAZ ��~A.M, � Cr ����>#4�, tnÆ"��P�R4V6, 4a δ {^vKM�2Z8���O4, 9�K��GM� HAZ �4���Z8 δ {^v, qe��.M&Z8fÆ�8J.#7%|�%>�t�, HAZ KaL��.F���	L�l
t�x
�
�)D, $b�Qs|s>��dr[kB%|�%>�t��X;�l, IM{ov��l
�86$b��#Æ. � 12 �s|%>H�
HAZ P.��o�
t�}<. {�vZ, :�O
t��B�`.F�oR. e
J�>�OM, :�t�iQkz��M��:����D�Dy7�n; �2e
BÆT�4, t�iQkz��M��D�D�, t.��o (� 12t#Z �7�2 2 mm/Æ���#Æ)�u�a����>A.p, �CK 1000 K. $b�l
t�x
�
#��.F����d>v7���..07�`.F�, '9�l�M��Ho�DvÆ��,6Dv�}N*,�Dv�#, $�hto�x� C �93$Z. $b, HAZ �4�A6Dv|9, K
t�.!����.2, �	*,nÆ"~A$Z, &:*�{^vKM��|9�.F�oRt~AI�Dv�#, �u{QL0; #7 α {^v + 6Dv + nÆ"�>|,v�l
t��M��M7�DvÆ��2, α {^v�~A�Æ��Dv, t07e���oR�����~AOM (�� 12 i?), }�Ho6Dvu;�#��, $bU,N��Dv���.*,6Dv�#, vJ�MRe���2, Qnov��y>��#�6Dv�6P�
α {^v + nÆ", :�L
t��t�>[. 07�l�
�
, 9� Cr 3RG�29��, $be4
29�O4, Cr ��D�DV6, Mal� δ {^v3; yA. �2.A.F�oRtA4G���|<.!�3�DvZv, $bZ8IM℄℄�/Æ, &M�|<�℄�
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(f)

D 12 r{$=G� HAZ ���C5/s�
Fig.12 Temperature field distribution of the HAZ of single–channel multi–layer sample with different distance from

the surface of SZ

(a) 0.3 mm (b) 0.7 mm (c) 0.9 mm (d) 1.1 mm (e) 1.5 mm (f) 2.0 mmM�aGp. $bs|%>H� HAZ ��4Ke��
t��.2, :8{^v~AL0, nÆ"/4|A�Dv℄�$Z, 9E|<�u6?℄�. 076Dva� .�R����, $b:s|>!, +�3iF�. &%|%>H��
�
R4B6, �9��Q#Æ~Ay[aA|, PlR4B6. )laA|�4al+�.M�
HAZ 07G29���, +�5IF�zA;Va, 9�+�o��pg�.

4 7;
(1) "eNZaA�rl 2Cr13 .dK� HAZ e�7zaAJ�|�4��dr[{�6� 4 O|<. |< 1: �v��nÆ"q�~A; , ℄R��nÆ"3

fÆ; |< 2: nÆ"/l�P, KAnÆ"�o$Z δ{^vx�; |< 3: nÆ"	��P, δ {^vp�$Z; vJ�>TO%�, ℄�3i/Æ; |< 4: A δ {^vx�fÆ*�JN\8; J�>O%�, ℄�G 3 |Op.

(2) �v>e HAZ �4z�4+�a� �O�`.M�oR, e
J�>T�O4, �.�`04#75O�, *q+��:h�ea2F.

(3) 2Cr13�>�x"eNZaA���D60Ml%B HAZ ��d60:hia��M���>a�r[x��`0;o>`, "e�AJ�iB,�
t��F�
)D|���`0, ; 6Dv�q�.
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